The rate of silicon oxidation between Fe-4.4%C-Si alloy and Li20-CaO-Si02 Fe0 slag has been investigated under the condition of mechanical stirring at 1300°C. The initial concentrations of Fe0 in the slag, (%FeO)o, and of silicon in the metal, [%Si]o, were 2.5-30 and 0.008-0.1, respectively. The rotating speed of stirrer was 50-400 rpm. The activity of Si02, asio2, in the slag has also been determined experimentally by measuring the concentration of silicon in carbon saturated iron equilibrated with Si02 in the Li20-CaO-Si02 slag at Pco=1 atm and 1300°C.
I. Introduction
The II. Experimental
Equilibrium Experiment
Determination of the activity of Si02 in the slag, asio2, is required for theoretical calculations of the rate of silicon oxidation. To obtain asio2 of the slag, experiments were done to measure the silicon concentration of the melt equilibrated with the Li20-CaOSi02 slag at Pco=1 atm. 1. Expreimental Apparatus A 5.5 kW SiC resistance furnace was used to melt the metal and slag in a graphite crucible (150 X 120 X 30 mm). The crucible was suspended by a molybdenum wire in the uniformly heated center of a mullite reaction tube (390 X 330 X 805 mm).
An alumina lance (150 X 10~b mm) was set just above the crucible. Temperature was measured with a Pt-Pt.13%Rh thermocouple located by the side of the crucible. A water cooled cup was placed at the bottom of the reaction tube so that the slag-metal sample could be quenched.
Preparation of Slag and Carbon Saturated Iron
The composition of the slag was 20.5%Li20-38.4%CaO-41.1 %Si02 (molar ratio= l : 1: 1). A mixture of dried Li2CO3, CaCO3 and Si02 powders was premelted to prepare the slag. The Fe-C-Si alloy was prepared by melting electrolytic iron in a graphite crucible with a high frequency induction furnace by adding the Fe-Si alloy to the melt.
Experimental Procedure
After the temperature of the uniformly heated center in the reaction tube is reached 1 300°C, the graphite crucible containing the metal weighed 2 g and the slag weighed 4 g was pulled up to the zone. The (638) Transactions ISIJ, Vol. 28, 1988 equilibrium experiment was done at 1 300°C and at Pco=1 atm by blowing CO gas through the lance.
After the experiment, the crucible containing the melt was lowered to the bottom cup in about 10 s. The silicon concentration of the metal was determined by the reduced molybdosilicate spectrophotometric method.
Kinetic Experiment 1. Experimental Apparatus
The experimental apparatus is shown schematically in Fig. 1 . A mullite reaction tube (60¢ X 520 X 800 mm) was set in a SiC resistance furnace. The crucible used was made of alumina and its size was 480 X 40~b X 250 mm.
Temperature was measured with a Pt-Pt. 13%Rh thermocouple located at the bottom of the crucible. The molten metal and slag was mechanically stirred by an alumina rod stirrer.3~ The tip of the stirrer was placed 8 mm above the bottom of crucible. The experiments were done mainly at the rotating speed of 200 rpm. Some experiments were done at various speeds (=50400 rpm).
Preparation of Slag
The composition of the primary slag was the same as that used in the equilibrium experiment. For the kinetic experiment, FeO was prepared by mixing Fe203 and iron powders and melting the mixture in an iron crucible under an argon atmosphere. The melt was quenched and powdered.
Experimental Procedure
Weights of the Fe-C-Si alloy and the primary slag used for the experiment were 300 and 30 g, respectively. After melting the Fe-4.4%C alloy in an alumina crucible under an argon atmosphere, the calculated amount of Fe-8%Si alloy was added to the melt to control the initial silicon concentration ([%Si]o= 0.008 0.1). The gaseous mixture of argon and hydrogen was blown onto the the melt for l5-2O min, and the primary slag was added onto the molten alloy with argon blowing, and the temperature was kept at 1300°C.
A predetermined amount of FeO (%FeO)o=2.5' 30 was added to the slag to initiate the kinetic experiment. During the experiment, the slag-metal bath was stirred mechanically. At suitable time intervals, small amounts of metal and slag samples were taken by the use of a quartz tube and a nickel wire, respectively. The initial silicon concentration, [%Si] o, was determined with the metal sample taken before the addition of FeO. The concentration of silicon in the Fe-C-Si alloy was determined by the reduced molybdosilicate spectrophotometric method. In the analysis of FeO in the slag, the slag sample was pretreated with a 1 vol% Br-methanol solution to solve metallic iron in the slag. Then, the concentration of FeO was determined by the sodium rhodanate spectophotometric method.
III. Experimental Results

Concentration of Silicon in Carbon Saturated Iron in
Equilibrium with the Li20-CaO-5i02 Slag The changes in silicon concentration of the metal during the equilibrium experiment at various reaction times are shown in Fig. 2 . The rate of silicon reaction is so slow that it takes a long time to attain equilibrium. Hence, silicon reaction was studied by changing the initial concentration of silicon. The equilibrium concentration, [%Si]ej is determined from average of the final concentrations of silicon in the experiments of 10 and 12 h. The final concentrations of silicon used to determine [%Si] e are indicated by the arrow marks in Fig. 2 . The concentration of silicon in carbon saturated iron in equilibrium with the Li20-CaO-Si02 slag at Pco=1 atm and 1 300°C is determined as Figure 5 shows the effect of mechanical stirring on the rate of silicon oxidation at [%Si]o= N0.04, and (%FeO)o= -2O. It is evident that the rate of silicon oxidation increases with increasing rotating speed of alumina stirrer.
The changes in (%FeO)/(%FeO)o with time at various rotating speeds are shown in Fig. 6 . It is clear that in the first 5 min the rate of FeO reduction is hardly influenced by the mechanical stirring. Thereafter, it tends to be dependent on the mechanical stirring and decreases slightly with decreasing stirring speed. Figure 10 shows the relation between ks1 and the rotating speed of stirrer. It is clear that kS1 increases with increasing rotating speed. However, the dependence of ksi on the rotating speed is smaller than that found in the previous study on the oxidation of silicon in copper by FeO containing slag.3~
Iv. Discussion
Activity of Si02 in the Slag
The slag-metal reaction in the equilibrium experiment is expressed as (6) where, a~ : the activity of j-component.
Under the experimental conditions adopted, aC=1 and P00= 1. Here, the standard states chosen for aS1 and asio2 are pure liquid silicon and solid silica, respectively.
The equilibrium constant K is calculated to be 3.14x 10-5 at 1 300°C. Using the activity coefficient of silicon in carbon saturated iron rsi=0.00256 to calculate asi for [%Si]e=0;0031 obtained from the equilibrium experiment and substituting the value into Eq. (6), one gets The activity of Si02 of the slag was not measured previously. Tentatively, the obtained value, asio2, is compared with that of the CaO-A1203-Si02 slag at the same basicity (= (Ncao+NLi2o)/Nsio2, N; : mole fraction). The activity of silica, asio2, for the GiaO-A1203-Si02 slag is 1.6x 10-3 at 1600°C and 1.2x 10-3 at '1 700°C.7~ Thus, it is shown that asio2 for the slag is not so much different. from that for the CaO-A12O3-S102 Slag. Si+2FeO (in slag) = Si02 (in slag)+2Fe
C+FeO (in slag) = CO (g)+Fe
It is presumed that the oxidation rate of silicon oxidation at the slag-metal interface is very fast. Therefore, the rate is assumed to be controlled by the mass transfer. The mechanism of carbon oxidation is very complex due to the formation of CO bubbles at the interface. Several reaction models have been proposed to explain the mechanism of carbon oxidation.8-10) Here, in reference to the study of Sommerville et a1.'°, the rate of carbon oxidation is, for simplicity, assumed to be proportional to the FeO concentration at the slag-metal interface, (%FeO)i. Since the interfacial conditions are dependent on the formation of CO bubbles at the interface and change with time, the apparent rate constant for carbon oxidation is varied with time so that the calculated change in carbon concentration with time may agree with the experimental one.
The mass transfer rates of silicon and FeO in the metal and slag phases, and the oxidation rate of carbon at the slag-metal interface are given by However, the calculated result is scarcely in-reaction model can explain the simultaneous reactions of silicon and carbon oxidations by FeO containing slag.
The calculated relation between log[%Si] and t is approximated by a straight line in the range of t < 150 s. From the slope of the line, the apparent mass transfer coefficient, ksi, is calculated and is shown in Fig. 9 . In the figure, ksi obtained from the calculation lies near at the lower limit of ksi obtained experimentally. This is due to the fact that the abscissa for the calculated ksi is taken as the initial FeO concentration, while that for the experimental one is taken as the average FeO concentration at which ksi is obtained. Thus, it can be stated that the calculated value of ksi agrees with the experimental one.
It is made clear that despite of large K' (= 2.6 x 106) for silicon oxidation reaction, its rate is dependent on (%FeO). The fact that the silicon oxidation is controlled both by the mass transfer of silicon in the metal and by that of FeO in the slag can be explained as follows. Since the oxidations of silicon and carbon occur simultaneously, the interfacial FeO concentration, (%FeO)i, is very small. The present calculation shows that (%FeO) as that shown in Fig. 4 . It is confirmed that the calculated results at various [%Si] o are in good agreement with the experimental ones.
In the same way as in Sec. IV.3.1, the apparent mass transfer coefficient ksi is obtained and is plotted against In Fig. 10 , the calculated result for the effect of mechanical stirring on ksi is shown by a solid line. The mass transfer coefficients at rotating speeds other than 200 rpm are determined in the following manner. Mori et a1.8 made a kinetic study on oxidation of silicon in copper by FeO containing slag. In the study, they used the same stirrer as used in the present experiment, and showed that the mass transfer coefficient in the metal phase is proportional to the square root of the rotating speed.
Therefore, the mass transfer coefficient in the metal phase, ksi, R at rotating speed R (rpm) is given by ksl, R (R'sl/2   ks1, 200  200 where, ksi , 200 : the mass transfer coefficient in the metal phase at R=200 rpm. Since the mass transfer coefficient of FeO in the slag phase, kFeo, is only slightly dependent on the mechanical stirring, the value shown in Table  1 can also be used for kFeo at the rotating speed other than 200 rpm. It is clear from Fig. 10 that there is a good agreement between the calculated result and the experimental one, and that the effect of mechanical stirring on the rate of silicon oxidation can be explained by the mathematical model proposed. In the figure, ksi is proportional to the rotating speed roughly to one third power.
The dependence of ksi is not in accord 
Comparison with Previous Studies
Narita et a1.' studied the rate of desiliconization from pig iron (l.5''3 kg) by FeO containing slag (70 100 g) at high [%Si]o of 0.3N0.9 and high (%FeO)o of 3O-100. They showed that in the range of (%FeO)>40 the desiliconization rate is controlled by the mass transfer of silicon, while in the range of (%FeO)<40 the rate is controlled both by the mass transfer of silicon in the metal and by that of FeO in the slag and it decreases to a small value. However, the effects of mass transfer of FeO and decarburization reaction on the desiliconization rate were not investigated quantitatively.
According to the present study, in the experiment at [%Si]o=0.07 and (%FeO)o=27.5 shown in Fig. 3 , for example, the silicon concentration in the metal decreases to a value as low as 0.0015 % in 10 min. It is demonstrated both experimentally and theoretically that if the FeO concentration, that is, the oxygen potential at the slag-metal interface is maintained at a proper value, the silicon concentration is reduced to a very low value by the silicon oxidation.
The removal of various impurities from pig iron was studied by Ohguchi et a1.2~ The simultaneous reactions of desiliconization, decarburization, dephosphorization and desulfurization were analyzed on the basis of multi-component competitive reaction model, and the calculated result was compared with the experimental one. In their reaction model, the rate of CO evolution is assumed to be proportional to the supersaturation pressure at the interface (Pco Pi)/Pi (Pc : CO pressure at the interface, Pi=1 atm). In the case of low-silicon metal, their calculation gave a very high supersaturation pressure (as high as 50 atm at maximum). This high supersaturation pressure resulted in the high oxygen potential at the interface.* Consequently, it is predicted from the reaction model proposed by Ohguchi et al. that the silicon oxidation is controlled by the mass transfer of silicon in the metal.
However, the result of the present study shows that the apparent mass transfer coefficient, ks1, is dependent on (%FeO)o and the silicon oxidation is controlled not only by the mass transfer of silicon in the metal but also by that of FeO in the slag. Hence, the reaction model proposed by Ohguchi et al. can not be applied to explain the present experimental results.
As stated above, since many simultaneous reactions occur in the system of pig iron and FeO containing slag and the evolution of CO bubbles is taken place at the interface, the physical and chemical phenomena occurring in the reaction system are very complex. In addition, the reaction mechanism of carbon oxidation is not fully elucidated yet. Further fundamental studies are needed to obtain more rigorous reaction model.
V, Conclusion
A kinetic study has been made on the oxidation rate of silicon in molten iron ([%C]0=4.4) by FeO containing Li20-CaO-Si02 slag under mechanical stirring. The initial concentrations of silicon and FeO were 0.008 N 0.1 and 2.5 30 mass%, respectively. The experimental result was compared with that calculated from a reaction model of simultaneous oxidations of silicon and carbon in the melt by FeO in the slag. Equilibrium experiments have also been made to measure the activity of Si02 in the slag.
The results are summarized as follows :
(1) The activity of Si02 in 20.5%Li20-38.4% CaO-41.1 %Si02 slag is 4.2 x 10-3 at 1 300°C.
(2) Under the experimental conditions adopted, the apparent mass transfer coefficient in the metal phase, ks1, increases with increasing initial FeO concentration in the slag, while it is only slightly dependent on the initial silicon concentration of the metal.
(3) If the FeO concentration of the slag is high, [%Si] is lowered to a value of about 0.001 in a short time.
(4) The oxidation rate of silicon in the metal is influenced by carbon oxidation reaction and controlled both by the mass transfer of silicon in the metal phase and by the mass transfer of FeO in the slag phase.
(5) If the concentration of FeO in the slag is high, the slag phase is stirred by the CO bubbles formed at the slag-metal interface, so that mechanical stirring has no effect on the mass transfer of FeO in the slag.
